Background: The TXNRD1_v3 ("v3") protein is a rare variant of human thioredoxin reductase 1. Results: Membrane targeting of v3 occurs by N-terminal myristoylation and palmitoylation and its overexpression triggers induction of filopodia independently of its redox active site integrity.
. The TXNRD3 gene encodes the TGR isoenzyme that contains a monothiol glutaredoxin (Grx) domain as an N-terminal addition to the TrxR module, which otherwise is similar in domain structure to TrxR1 and TrxR2. The TGR isoenzyme was found to be involved in the maturation of sperm cells and is mainly expressed in early spermatids in testis (13) (14) (15) . Both the cytoplasmic and mitochondrial Trx systems are essential for mammals, as demonstrated by the embryonically lethal phenotype of knockout mice for any one of the enzymes TrxR1, Trx1, TrxR2 or Trx2 (16) (17) (18) (19) .
The human TXNRD1 gene on chromosome 12 (12q23-q24.1) displays a complex genomic organization. It gives rise to numerous transcripts that can undergo extensive splicing, in particular at the 5'-end, producing several different protein isoforms (8, 9, (20) (21) (22) . One of these isoforms, TXNRD1_v3 ("v3") is peculiar by utilizing three additional exons encoding an atypical dithiol active site Grx domain, which is expressed in N-terminal fusion to the classical TrxR1 module (8, 20, 23, 24) . These three exons, termed β -VIII , β -VI and β -V , are unique to v3 and are encoded by a genomic region upstream of the more commonly transcribed TXNRD1 exons. Therefore, transcription of v3 must initiate upstream of the previously characterized core promoter of TrxR1 (8, 21, 22, 25, 26) and must thus be regulated by an alternative promoter, which hitherto has remained uncharacterized.
Intriguingly, humans, chimpanzees and dogs express v3 but mice or rats do not (20) . Endogenous expression of v3 has been demonstrated in human testis by Northern blot analyses as well as using immunohistochemistry, with the latter displaying particularly strong staining in Leydig cells (23) . Immunoblotting and mass spectrometry also indicated v3 protein expression in a human mesothelioma cell line (24) and v3 could furthermore be detected in extracts of bovine and dog testis (20) . In addition, several human cancer cell lines show expression of v3-encoding transcripts, as detected by first-strand reverse transcription-polymerase chain reaction (PCR), with v3 expression also found to be induced by estradiol or testosterone treatment (23) . However, transcripts for v3 are rarely found in the form of EST (Expressed sequence tag) clones with only few such clones currently found in the NCBI databases (including five from testis, accession numbers BG772375, AY057105, BG717223, DC401599, DC400412; four from trachea AK304241, DC417264, DB230289, DB233566; two from glioblastoma BF342747, AW027910; one from squamous cell carcinoma BP355955; one from astrocytes DA033928) . This should be compared to more than 1,700 EST clones found to encode the other forms of TrxR1. It should be noted, however, that some of those other sequences could also be derived from v3-encoding transcripts although they will not be discovered as such if they have incomplete 5'-ends, which is the case with many EST clones.
The Grx domain of v3 has an atypical redox CTRC active site motif (8, 20) and lacks activity in any of the classical Grx assays (20) . However, when mutated to CPYC, the motif commonly found in Grx's (27) , the v3 protein also gained classical Grx activity (20) . The v3 isoform, when overexpressed in human cells as either the isolated Grx domain or in fusion with the TrxR1 module as its C-terminal partner, triggers rapid changes in cell shape and a dynamic formation of cell membrane protrusions (23) . GFP-fusion variants of v3 were found to locate along the length and growing tips of these protrusions, in close proximity to actin. Furthermore, v3 seemed to lead actin into these protrusions, followed by β-tubulin (23). These cell membrane protrusions were later characterized as having all features typical of filopodia (28) . In the present study we wished to further characterize the features of v3 that trigger these changes of the cellular phenotype and to understand how the protein is targeted to the membrane compartment. Because it was previously found that expression of either the complete TXNRD1_v3 protein or only the isolated v3(Grx) domain was sufficient for membrane targeting and induction of filopodia (23), we here focused on this property as held by the v3(Grx) domain.
By mutating the two v3(Grx) active site Cys residues to Ser and thus converting its CTRC motif to STRS, thereby incapacitating any potential redox activity of this motif, we show herein that association of v3(Grx) with actin polymerization as well as its membrane targeting by guest on September 16, 2017 http://www.jbc.org/ Downloaded from is independent upon the integrity of its active site. Instead we found that Nacylation of the N-terminus of v3(Grx) is both required and sufficient to target the protein to the plasma membrane. We furthermore found that it is specifically targeted to membrane rafts. These membrane structures have commonly also been called "lipid rafts", but are in the present study named and defined according to the 2006 consensus of the Keystone Symposium on Lipid Rafts and Cell Function (29) .
EXPERIMENTAL PROCEDURES

Chemicals and reagents
All regular chemicals or reagents were of high purity and obtained from Sigma-Aldrich Chemicals, unless otherwise specified.
Cell lines
Human A549 lung carcinoma (A549 cells) (CCL-185; ATCC) were cultured in Dulbecco's Modified Eagle Medium (DMEM; GIBCO/Invitrogen, USA) containing 4.5 g/L glucose at 37°C in a humidified atmosphere with 5% CO 2 . Human embryonic kidney cells (HEK293) (CRL-1573; ATCC) were cultured in Eagle's Minimum Essential Medium (EMEM; ATCC) and human ovarian SKOV3 cells (HTB-77) were cultured in McCoys' 5A Medium, modified with L-glutamine and sodium bicarbonate (Sigma-Aldrich Chemicals) at 37°C in a humidified atmosphere with 5% CO 2 . Cell culture media were supplemented with 10% heatinactivated fetal bovine serum (FBS), 2 mM Lglutamine, 100 µg/ml streptomycin and 100 units/ml penicillin (all from PAA Laboratories, Austria).
Vectors for expression of the glutaredoxin domain of v3 in fusion with GFP and mutants thereof
The construct expressing the wild type Grx domain of v3 with GFP as a C-terminal fusion partner (here called "v3(Grx)") was kindly provided by Dr Anastasios E. Damdimopoulos (Karolinska Institutet, Stockholm) and was previously described in detail (23) . Using standard cloning techniques with that plasmid as template, we created vectors expressing the active site double mutant C76SC79S, the G2A and C3S mutants as well as a variant encompassing only the first 14 amino acids of v3 in fusion with GFP (1-14), as further described in the Results section. We also used a pure GFP control. Primers were purchased from Thermo Scientific and all constructs were sequenced by GATC Biotech (Germany) to confirm the desired mutations.
Transfection and immunocytochemistry
Cells were grown on glass chamber slides (Lab-Tek II Chamber Slide System, Nalge Nunc International, USA) and transiently transfected using Lipofectamine 2000 (Invitrogen) or TurboFect Transfection Reagent (Thermo Scientific) according to the manufacturer's instructions. About 18 h after transfection the slides were washed with PBS or treated with 2-hydroxymyristic or 2-bromopalmitic acid (see below) before fixation in 4% paraformaldehyde solution for 15 min. For experiments that involved subsequent actin staining, the slides were washed 2x with PBS and permeabilized using PBS containing 0.5% Triton X-100 and 2% BSA for 20 min at ≈ 20°C whereupon they were washed 2x in PBS and incubated with rhodaminconjugated phalloidin (1:500; Molecular Probes/Invitrogen) in PBS for 1 h at ≈ 20°C. For experiments involving subsequent staining of membrane rafts/caveolae, slides were then washed 2x with PBS and subsequently incubated with Alexa Fluor 555-conjugated cholera toxin subunit-B (CT-B; Molecular Probes/Invitrogen) (1mg/ml) for 20 min in chilled complete growth medium on ice. Finally, all slides were washed 2x with PBS and mounted with glass cover slips (Menzel-Gläser/Thermo Scientific) using ProLong Gold antifade reagent with DAPI (4',6-diamidino-2-phenylindole, Invitrogen). Confocal imaging was carried out on a LSM700 (Zeiss). In all cases multicolor imaging was performed sequentially to minimize cross-talk between the channels.
Treatment with 2-hydroxymyristic acid (2-HMA) and 2-bromopalmitic acid (2-BPA)
2-hydroxymyristic acid and 2-bromopalmitic acid (Santa-Cruz) were stored as 100 mM stock solutions in ethanol and delivered to cells as complexes with BSA. To prepare each complex, the fatty acid compound was incubated at a concentration of 2 mM in serum free medium by guest on September 16, 2017 http://www.jbc.org/ Downloaded from containing 2 mM fatty acid free BSA for 2 h at 37°C. Subsequently, transfected cells were treated with the fatty acid-BSA solution for 2 h before adding serum containing full medium to final concentrations of 1 mM fatty acid, 1% (v/v) ethanol and 5% (w/v) Serum. The cells were thereupon incubated for 24 hours with 2-bromopalmitic acid or for 48 hours with 2-hydroxymyristic acid and subsequently prepared for immunocytochemistry as described above.
Isolation of Membrane Rafts
HEK293 cells transfected with the wild type v3(Grx), G2A or C3S expression plasmids were harvested for membrane extractions 48-64 hours post-transfection. Membrane rafts were extracted by "flotation" ultracentrifugation according to methods described by Alexander et al (30) , with minor modifications. Briefly, approximately 6 x 10 6 transfected cells were harvested and resuspended in 400 µl of flotation buffer (25 mM Tris-HCl pH 7.4, 150 mM NaCl, 5 mM EDTA, 10 mM β-glycerol phosphate disodium salt pentahydrate, 30 mM sodium pyrophosphate and 1% Triton X-100). The suspension was centrifuged at 2000 × g for 5 minutes, the pellet washed with 100 µl of fresh flotation buffer, and sucrose added to the combined supernatants to a concentration of 45% (final volume of 2 ml in flotation buffer). The 2 ml of sucrose-containing lysate was transferred to the bottom of a 12.5 ml polycarbonate centrifuge tube (Beckman), over which 30% (5.5 ml) and then 5% (4.5 ml) sucrose solutions in flotation buffer were gently and sequentially layered. The tubes containing the sucrose cushions were then centrifuged at 200,000 g for 18 hours at 4°C. 1 ml fractions (12 in total) were gently collected from the top of the gradient, snap-frozen in liquid nitrogen and stored at -80°C for further analysis.
Biochemical analysis of Grx-GFP association with detergent-resistant membrane fractions
The level of expression and distribution of v3(Grx)-GFP variants in transfected HEK293 cells was assessed by Western and slot-blotting approaches respectively. Firstly, to confirm that all 3 variants were uniformly expressed, total cell lysates for each transfected culture were generated by pooling equal quantities of each fraction (1 -12) from the membrane raft preparations. The pooled samples were diluted in PBS, re-concentrated and analysed by SDS-PAGE and Western Blot using an HRPconjugated monoclonal anti-GFP antibody (Rockland Immunochemicals, PA USA) and standard procedures. In the experiments designed to gain insights into the oligomeric state of the raft-associated Grx-GFP proteins, only fractions (4-6) and (10-12) from each sample were pooled, and the samples were then either subjected to conventional SDS/DTT/heat treatment, or treated with a DTT-free loading buffer and not heated, before loading onto gels. To control for the specificity of GFP detection, mock-transfected cells were processed and analysed identically. In order to evaluate the extent of localisation of the Grx-GFP variants in detergent resistant membrane fractions, all of the fractions 1-12 from each preparation were analysed individually by a slot blot procedure. Briefly, a 50 µl sample of each fraction was diluted 5-fold in Tris-buffered saline (TBS, pH 7.4) containing 10% methanol, with 100 µl subsequently adsorbed onto a nitrocellulose membrane using a Minifold II slotblot apparatus (Schleicher & Schuell). Detection of GFP fusion protein was carried out using the anti-GFP antibody as described above. To confirm consistency of raft enrichment for each sample, the same fractions were immobilised and probed in parallel with an HRP-conjugated Cholera Toxin Subunit B (CT-B, Life Technologies), which with high affinity binds the exclusively membrane raft-residing GM1 ganglioside.
RESULTS
Membrane targeting of v3 by myristoylation and palmitoylation at its N-terminal MGC-motif
When overexpressed in cancer cells, the glutaredoxin domain of v3 (v3(Grx)) in fusion with GFP at its C-terminal end displays a distinct localization pattern that is characterized by strong staining of the perinuclear region and cytosolic speckles as well as accumulation of the protein at the plasma membrane (23, 28) . An N-terminal myristoylation motif of v3 was suggested using Prosite (http://au.expasy.org/prosite/) and the NMT myristoylation prediction software (http://mendel.imp.ac.at/myristate/SUPLpredictor .htm), as reported earlier (8, 28, 31, 32) , but this has not yet been experimentally studied. The Grx domain of v3 also carries an atypical dithiol active site motif, as discussed above. To characterize the importance of these motifs for v3 targeting to cell membrane regions we here expressed a number of v3(Grx)-derived mutant variants in fusion with GFP (see Fig. 1A for a scheme of the constructs) using three different human cell lines (A549, HEK293 and SKOV3) (Fig. 1B) . This revealed that a variant with the two Cys moieties of the redox-active site changed to redox-inactive Ser residues (C76SC79S) yielded an identical phenotype of membrane association as seen with wild type v3(Grx), which was highly reminiscent of that reported earlier for the wild type protein (23, 28) . Both variants strongly accumulated in the perinuclear area and showed distinct cytosolic structures in a dotted pattern, as well as a pronounced plasma membrane association in all three cell types (Fig.  1B) . Interestingly, however, a single substitution of the Gly residue at position 2 with Ala (G2A) completely abolished the membrane association of the protein. This G2A mutant, destroying the myristoylation consensus motif (33) (34) (35) , showed a diffuse cytosolic and nuclear distribution similar to that of pure GFP (Fig. 1B) . Thus, the prominent features of plasma membrane association, cytosolic speckles and strong perinuclear accumulation were all impeded by this single amino acid substitution. In contrast, substituting solely the Cys residue at position 3 with Ser, yielding the (C3S) construct that is expected to eliminate the possibility of palmitoylation (35, 36) while maintaining the myristoylation site at the Gly2 residue (35, 37, 38) , lowered the extent of plasma membrane association and the amount of cytosolic speckles, but maintained a strong compartmentalization of the protein, with mainly perinuclear localization (Fig. 1B) . To study if the membrane targeting could indeed be guided solely by acylation of the N-terminal motif of v3, we also analyzed a construct encompassing only the first 14 amino acids of v3(Grx) in fusion with GFP. Cells expressing this protein displayed the same phenotype as seen with wild type v3(Grx) (Fig.  1B) . Together, these results revealed that the Nterminal MGC-motif of v3(Grx) is both required and sufficient for the targeting of this protein to specific membrane structures of the transfected cells.
To further study the dependence of the v3 membrane targeting upon myristic and palmitic acid we incubated A549, HEK293 or SKOV3 cells expressing v3(Grx) with 2-hydroxymyristic acid (2-HMA) and 2-bromopalmitic acid (2-BPA), two competitive inhibitors of myristoylation and palmitoylation, respectively (39) (40) (41) . After treatment with 2-BPA the subcellular localization of the protein changed to a mainly perinuclear localization with significantly reduced plasma membrane staining and fewer cytosolic speckles (Fig. 2) . This pattern coincides with the expression profile of the palmitoylation-impeded C3S variant (cf. Fig. 2  and 1B) . The 2-HMA treatment, on the other hand, nearly completely abolished compartmentalization of the protein and gave a diffuse cytosolic distribution closely reminiscent of pure GFP or the G2A variant of v3 (cf. Fig. 2  and 1B) .
Co-localization of v3(Grx) with the membrane raft marker CT-B
Next we investigated the subcellular localization of v3(Grx) in relation to membrane structures binding cholera toxin subunit-B (CT-B), an often used marker for membrane rafts (42) (43) (44) . For this, A549 cells were transfected with the GFP-fusion constructs expressing either wild type v3(Grx), the active site mutant C76SC79S or the N-terminal mutants G2A and C3S. To subsequently assess localization in relation to the CT-B marker for membrane rafts, the cells were fixed 24 hours after transfection and incubated with Alexa555-conjugated CT-B. Incubation with CT-B did not affect the overall cellular phenotype nor the subcellular GFP fluorescence patterns obtained with the various v3(Grx) variants. CT-B showed a similar pattern in all of the cells, with plasma membrane staining in selected localized areas, as well as dotted cytosolic and perinuclear distribution. The latter compartments were previously identified as being early endosomes and Golgi apparatus or endoplasmic reticulum, respectively (45, 46) . The GFP signal of the v3(Grx) and C76SC79S variants closely overlapped with that of CT-B staining, although the overlap was not exclusive and fractions of the cells also showed staining for only one of the fluorophores (Fig. 3 arrows and magnified  lower panel) . In contrast, the G2A variant of v3(Grx), that displayed a diffuse cytosolic distribution, lacked subcellular proximity with CT-B in all cellular compartments (Fig. 3) . Devoid of the palmitoylation site (Cys3) but maintaining an intact myristoylation site at Gly2, the C3S variant displayed mainly its perinuclear distribution, where it showed some overlap with CT-B, but appeared only minimally at the plasma membrane (Fig. 3) as also shown above.
These results strongly suggested that overexpressed v3 in transfected cells becomes targeted to cell membranes through myristoylation and palmitoylation, where it furthermore closely associates with the membrane raft marker CT-B. We next wished to confirm the localization of v3(Grx) in membrane rafts by the alternative method of membrane fractionation.
Appearance of v3(Grx) in CT-B positive purified membrane raft fractions
The proposed sizes of membrane raft microdomains are below 100 nm and are thus not resolvable by conventional confocal microscopy, thereby limiting the interpretation of colocalisation studies by microscopy. To further validate co-localisation of v3(Grx) with CT-B, we therefore purified membrane rafts from HEK293 cells expressing either the wild type v3(Grx), G2A or C3S variants, and analysed these by Slotand Western Blot approaches. The membrane rafts were purified by conventional "flotation" methods, which involve separation of intact, detergent-resistant rafts from Triton X-100 solubilised membranes and cytosolic proteins, based on their unique 'buoyancy' in sucrosecontaining media subjected to high-speed centrifugation (Fig. 4A, left) . The v3(Grx), G2A and C3S variants were all expressed as similar levels and recovered to the same extent in this centrifugation, as visualized using immunoblotting with antibodies directed against GFP, which were used to probe pooled fractions (Fig. 4B) . In agreement with the co-localisation data suggested by fluorescent microscopy, only the wild type v3(Grx) variant showed association with membrane rafts (fractions 4-6), whereas the G2A and C3S variants were not detected in these membrane microdomain fractions (Fig 4C, right  panel) . This effect was specific and directly related to the amino acid sequences of the Nterminal raft-localization domain of the proteins, since the amounts of purified membrane raftsmeasured by enrichment of CT-B-binding lipids in fractions 4-6 -were comparable between the samples (Fig. 4C, left panel) .
In order to additionally confirm the findings and gain further insights into the nature of the raft-associated v3(Grx)-GFP, we next analysed fractions 4-6 (rafts) and fractions 11-12 (soluble) by conventional and 'mildly-denaturing, non-reducing' SDS-PAGE/Western Blot protocols. For this we pooled fractions 4-6 and 11-12, then treated them with SDS without or with DTT and heat, before separation on SDS-PAGE and subsequent Western Blot analyses. While all v3(Grx) variants displayed a clear and equally strong signal at the expected size of ≈ 48 kDa in the soluble fractions -again confirming comparable total expression levels -only the wild type v3(Grx) variant was seen in the membrane raft fractions. This membrane raft-associated protein appeared partly in the form of a dimer in the absence of DTT and heat, whereas reducing and denaturing conditions resolved the dimeric band into a solely monomeric protein (Fig. 4D) .
Induction of filopodia, changes of cell morphology and effects on actin polymerization
Concomitant with its compartmentalized membrane targeting, v3(Grx) overexpression was previously found to be correlated with actin polymerization and induction of cell membrane protrusions, identified as filopodia (23, 28) . Here we analyzed how these features compared between wild type v3(Grx) and the C76SC79S, G2A or C3S mutants, as visualized using detection of the GFP fusion partner and costaining of actin with rhodamine-conjugated phalloidin. Both, v3(Grx) and actin, appeared localized in close proximity with each other at the cell membrane, as found earlier (28) . This was here also seen with the redox active site mutant C76SC79S (Fig. 5) . Particularly strong accumulation could be seen at cell-to-cell contact sites (Fig. 5, see C76SC79S variant) . As also found above, cell membrane accumulation required the Gly2 and Cys3 residues (Fig. 5) , i.e. uncompromised N-terminal myristoylation and palmitoylation motifs, respectively (Fig 1A) .
Expression of v3(Grx) as well as C76SC79S
by guest on September 16, 2017 http://www.jbc.org/ Downloaded from triggered high increases in the number of filopodia-like membrane protrusions and at higher magnification, both proteins could be seen directly associated with these protrusions (Fig. 5) . In contrast, the mainly cytosolic G2A and preferentially perinuclear C3S variants did not induce this filopodia-enriched cellular phenotype, although a few membrane protrusions were seen also in cells expressing these proteins (Fig. 5) .
DISCUSSION
Here we found that the association of v3 with cell membranes was independent of its dithiol redox active site motif and fully governed by targeting to membrane rafts through its Nterminal MGC-myristoylation and palmitoylation motif. This targeting of the protein to membrane rafts was also sufficient and required to support v3-stimulated increases in the number of cell membrane filopodia.
The N-terminal MGCAEG-sequence of v3 meets the general consensus motif for myristoylation, even if the second Gly residue at position 6 deviates from more commonly seen Ser or Thr residues in myristoylated proteins (8, 31, 32) . Upon further inspection of this sequence we noted that the Cys3 residue might potentially be palmitoylated, which led us to the construction and characterization of the C3S variant. The results presented herein indeed strongly suggest that the Cys3 residue of v3 is palmitoylated, as judged from the typical subcellular targeting patterns of the different fusion variant proteins and their changes in localization upon treatment with the palmitoylation inhibitor 2-BPA. N-acylation of proteins is a rather well-characterized process. It occurs predominantly co-translationally with myristic acid (C14:0) linked via an amide bond to the N-terminal Gly residue in N-acylation motifs of targeted proteins. This myristoylation will, however, not provide stable membrane attachment but serves to increase the hydrophobicity of the N-terminal end of the modified protein in order to facilitate transient membrane association (47) . Myristoylated membrane-associated proteins thus gain spatial access to membrane bound DHHC (Asp-His-HisCys) domain proteins that may subsequently catalyze the addition of palmitic acid (C16:0) to Cys residues located adjacent to the myristoylation site, which further increases the hydrophobicity of a target protein. In this manner, palmitoylation yields stable binding or association to membranes of N-acylated proteins (48) . Our substitution of Gly2 in v3(Grx) with Ala as well as the treatment with 2-HMA resulted in diffuse cellular distribution, similar to sole expression of GFP. We suggest that myristoylation of v3 at the Gly2 residue is the only explanation for the observed protein localization phenotypes. Importantly, all of the unique subcellular targeting features of v3(Grx)-GFP, including plasma membrane association, formation of cytosolic speckles and strong perinuclear accumulation, were completely impeded by this single Gly-for-Ala amino acid substitution or by use of the inhibitor of myristoylation, hence strongly suggesting that v3 is indeed N-acylated at its MGC-motif. The C3S mutant also showed a clear reduction of plasma membrane association and cytocolic speckles, while maintaining strong compartmentalization with mainly perinuclear localization. This phenotype was also highly similar to the change in subcellular targeting of the wild type v3(Grx) if the cells were treated with the palmitoylation inhibitor 2-BPA and also exactly mimicked the phenotype of other N-acylated proteins, having eliminated N-palmitoylation but maintained Nmyristoylation (35, 37, 38) . We thereby suggest that v3 is myristoylated at its Gly2 residue and palmitoylated at its Cys3 residue.
The permanently strong perinuclear staining of wild type v3(Grx) and the C76SC79S variant should be the result of highly regulated cellular palmitoylation processes (49) . The dynamics of palmitoylation and depalmitoylation have been studied for several N-acylated proteins, including Ras, eNos, GAP43 and Giα1, or a number of model peptides, which all display subcellular localization patterns highly similar to those found here for v3 (49-51). As an example, H-and N-Ras need to aquire palmitoylation to achieve stable membrane association and trafficking between the Golgi and plasma membrane, thereby yielding patterns of localization highly reminiscent of those seen here for v3 (51) . Also, expressing a synthetic protein with a consensus myristoylation motif including a by guest on September 16, 2017 http://www.jbc.org/ Downloaded from palmitoyable Cys residue (MGCTLS-), Navarro-L'erida et al. found very similar distribution of that model protein as that seen here with v3; a G2A mutant completely impeded membrane association, whereas a C3S mutant showed perinuclear distribution representing accumulation in the Golgi apparatus (35) . Thus, v3 was here found to display typical compartmentalization properties as previously shown for other proteins that are myristoylated and palmitoylated at their N-acylation motifs.
The close overlap of v3(Grx) with CT-Bstained specific substructures of the plasma membrane and in perinuclear areas, but not in the intracellular vesicles, was a striking finding. With CT-B being a well recognized probe for membrane rafts, the overlap in signal with wild type v3(Grx) strongly suggested to us that the protein was targeted to membrane rafts and the Golgi, where raft-specific gangliosides to which CT-B bind are known to accumulate (45, 46) . The intracellular vesicles that solely showed CT-Bcoupled fluorescence were likely endosomes (45, 46) and it should therefore not be surprising that they lacked the v3(Grx)-GFP signal. Since the v3-derived fusion proteins were intracellularly expressed they would not co-localize with CT-B in endosomes, carrying extracellular proteins as taken up from the medium. The resolution of conventional confocal microscopy, however, cannot resolve membrane rafts as these are thought to be dynamic membrane domains with sizes of less than 100 nm in length (29, 52) . We therefore purified CT-B-binding membrane raft fractions from HEK293 cells expressing v3(Grx) and probed for colocalization using immunoblotting. It was thereby notable that we could not only validate membrane raft association of wild type v3(Grx), but additionally detected a loosely associated dimeric form of the protein, which was specifically seen in the membrane raft fractions. We propose that this dimeric variant could have been formed by the GFP domain, which has a tendency to dimerize at high concentrations (53) . Overexpression of v3(Grx)-GFP in combination with the partitioning into membrane rafts should likely create a high local concentration of the protein, thereby triggering dimerisation. Such effects have previously been reported by Zacharias et al. who studied partitioning of GFP variants into membrane microdomains by FRET. Expressing myristoylated and palmitoylated 13-amino acid NH 2 -terminal fragments of Lyn in fusion with either CFP or YFP, they could detect strong clustering at the plasma membrane (37) . They also showed that hydrophobic residues of the GFP dimer interface contributed to dimer formation specifically at the membrane microdomains (37) .
Partitioning of v3 into membrane rafts may also give further insights to the close association of v3 with actin polymerization and the stimulated generation of filopodia. With regards to signalling via GPI-anchored proteins, it is well known that actin plays a central role in organization of sphingolipid-cholesterol-rich membrane domains and is tightly linked to these structures (43, (54) (55) (56) . Actin has indeed been described as a stabilizer of membrane rafts (57) , with proteins targeted to these structures being able to affect the organization of the cytoskeleton (58, 59) . Additionally, several studies link induction of filopodia to stimulation or patching of membrane raft microdomains (43, (60) (61) (62) (63) . An example that is reminiscent of expression of v3(Grx) with induction of filopodia was given by Gauthier-Campbell et al., studying phenotypes of Cos-7 cells as induced by expression of diverse palmitoylated peptides. Particularly, a 14-amino acid doubly palmitoylated peptide derived from GAP-43 (GAP-1-14) induced formation of filopodia when expressed in fusion with GFP (61, 62) . Another example reminiscent of our findings herein is the neuronal glycoprotein M6a, which also associates with membrane rafts and induces formation of filopodia (63) . Thus, our findings open the possibility that v3 is first targeted to membrane rafts through N-acylation, whereupon the protein can interact with actin in a compartmentalized manner, directly or indirectly, which may trigger the generation of filopodia as observed.
The role(s) of endogenous v3 in membrane rafts are still unknown, but its targeting to these structures by N-acylation clearly expands the possible spectrum of TXNRD1-derived protein functions. The Trx and Grx systems are generally not well studied in terms of signal regulation within membrane rafts, although these structures are known as key players in redox signaling events (64) . However, a few reports have reported upon Trx1 association with membrane rafts, in leukocyte-endothelial cell interaction during inflammation (65) (31) . The v3 protein should hereby also be considered in the context of cellular signalling through membrane rafts, and its possible relation to cellular signalling events clearly deserves further study.
In conclusion, we have herein identified the mechanisms for targeting of v3 to membrane rafts to be dependent upon its N-terminal motif and likely to involve myristoylation at Gly2 and palmitoylation at its Cys3 residue. We also showed that the induction of filopodia triggered by overexpression of v3(Grx) was independent of its redox active site motif, but required its ability to associate with membrane microdomains. Fig. 1 . The redox active site dithiol motif of v3 is dispensable whereas its N-terminal acylation motif is required for membrane association of the v3(Grx) domain. A) The Grx domain of v3 is here shown with the proposed consensus sequence for myristoylation underlined (dotted; presumed myristoylated Gly residue shown in blue) at the beginning of a 14-amino acid stretch at the N-terminus of the protein (orange). A Cys3 residue may potentially be palmitoylated (red). The dithiol active site motif of v3(Grx) is underlined (solid). Final amino acid sequences of the v3(Grx)-derived constructs studied herein are schematically indicated below. Mutated residues are marked bold and in black with the names of the variants to the left. Two dots indicate omitted residues (for full sequence see top figure) and "-GFP" in green indicates a C-terminal GFP fusion partner. B) A549, HEK293 and SKOV3 cells were transfected using either of the v3(Grx)-derived GFP fusion constructs: wild type v3(Grx), the active site mutant C76SC79S, the N-terminal G2A or C3S mutants, or a truncated variant solely containing the first 14 amino acids of v3 ("1-14"). Control transfections were performed using a construct expressing GFP alone ("GFP"). Fluorescence was recorded 18 h post-transfection using confocal microscopy. Scale bar = 20 µm. 5 . The relation of v3(Grx) to cell morphology and actin polymerization is independent of the active site but requires a functional N-acylation motif. A549 cells were transfected using the indicated v3(Grx)-GFP fusion constructs. Cells were additionally stained for actin using rhodamine-conjugated phalloidin and fluorescence was recorded using confocal microscopy. The pictures show merged fluorescent signals of GFP (green) and rhodamine (red) after excitation at 488 nm and 555 nm, respectively. Higher magnifications of selected areas, showing only GFP or rhodamine signal, are displayed for all variants as indicated. The intensity and contrast of the magnified areas were optimized for visualization of filopodia. Scale bar = 20 µm.
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